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Abstract

Significance: Cartilage tissue engineering is a promising strategy for effective curative therapies
for treatment of osteoarthritis. However, tissue engineers depend predominantly on time-
consuming, expensive, and destructive techniques as quality control to monitor the maturation
of engineered cartilage. This practice can be impractical for large-scale biomanufacturing and
prevents spatial and temporal monitoring of tissue growth, which is critical for the fabrication of
clinically relevant-sized cartilage constructs. Nondestructive multimodal imaging techniques
combining fluorescence lifetime imaging (FLIm) and optical coherence tomography (OCT) hold
great potential to address this challenge.

Aim: The feasibility of using multimodal FLIm–OCT for nondestructive, spatial, and temporal
monitoring of self-assembled cartilage tissue maturation in a preclinical mouse model is
investigated.

Approach: Self-assembled cartilage constructs were developed for 4 weeks in vitro followed by
4 weeks of in vivomaturation in nude mice. Sterile and nondestructive in situmultispectral FLIm
and OCT imaging were carried out at multiple time points (t ¼ 2, 4, and 8 weeks) during tissue
development. FLIm and 3D volumetric OCT images were reconstructed and used for the analysis
of tissue biochemical homogeneity, morphology, and structural integrity. A biochemical homo-
geneity index was computed to characterize nonhomogeneous tissue growth at different time
points. OCT images were validated against histology.

Results: FLIm detects heterogenous extracellular matrix (ECM) growth of tissue-engineered
cartilage. The outer edge of the tissue construct exhibited longer fluorescence lifetime in 375
to 410 and 450 to 485 nm spectral channels, indicating increase in collagen content. Significant
(p < 0.05) decrease of construct homogeneity index was observed between t ¼ 2 weeks and t ¼
4 weeks. Both FLIm and OCT images revealed defects (voids) at the center of the tissue con-
struct during in vitro culture (t ¼ 2 and 4 weeks). Cyst formation during in vivo culture was
detected by OCT and confirmed with histology.

Conclusions: The ability of multimodal FLIm–OCT to nondestructively monitor the heterog-
enous growth of engineered tissue constructs in situ is demonstrated. Spatial and temporal varia-
tion of construct ECM component was detected by FLIm. OCT reveals structural defects (voids
and cysts). This multimodal approach has great potential to replace costly destructive tests in the
manufacturing of tissue-engineered medical products, facilitating their clinical translation.
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1 Introduction

Damage to articular cartilage, which can occur through traumatic injury, pathology, or age, often
degenerates inexorably to osteoarthritis (OA). Unfortunately, adult articular cartilage has only
limited ability to heal as cartilage tissue is avascular and hypocellular.1,2 A multitude of treat-
ments have been developed for this age-long problem, but no satisfactory long-term therapies are
established. In the United States alone, OA affects the quality of lifetime for more than 20 million
Americans and cost the economy exceeding $65 billion per year (both medical costs and lost
wages).3

Cartilage tissue engineering is an emerging strategy at the threshold of clinical translation.
It holds immense potential to improve the clinical outcome and deliver effective curative thera-
pies for treatment of OA.4 Currently, in both research and clinical setting, tissue engineers
depend predominantly on a battery of time-consuming, expensive, and destructive techniques
as quality control to monitor the composition, structure, and function of engineered tissue during
culture.5 Destructive testing can be inappropriate or impractical for large-scale biomanufacturing
as partial or complete sample loss is required. It has been estimated that 70% of the cost of tissue
engineered goods can be attributed to quality control efforts.6

Furthermore, destructive testing often prevents spatial or temporal monitoring during tissue
maturation which are critical for fabrication of clinical-relevant-sized tissue construct. To date,
small cartilage tissue constructs (∼∅4 × 2 mm) with biochemical content and mechanical func-
tion approaching native cartilage have been successfully fabricated.7 However, a major challenge
remains in the development of clinically relevant-sized tissue constructs, typically 15 to 25 mm
in diameter and as thick as 5 mm, which are required to repair OA defects.8 Larger engineered
cartilage constructs often suffer from highly heterogeneous matric deposition and possess poor
mechanical properties that are unable to support physiologic loading.9–11 Therefore, there is an
immediate need to develop nondestructive and noninvasive tools to not only verify the critical
biochemical and structural component but also monitor the spatial and temporal growth of tissue
engineered cartilage products for both research and clinical applications.

Optical techniques have shown great potential to address this unmet need due to their
capacity to probe tissue composition and structure spatially and temporally in a nondestructive
and noninvasive manner. Fluorescence lifetime-based techniques are known to detect bio-
chemical and functional alternations in tissue.12,13 Several endogenous fluorophores, including
the extracellular matrix (ECM) structural proteins (e.g., collagen) and enzyme cofactors [e.g.,
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD)], are
responsible for tissue autofluorescence.14 Fluorescence lifetime imaging (FLIm) based on
autofluorescence provides a sensitive method for label-free nondestructive monitoring of
bioengineered tissues both in vitro and in vivo. The spatial distribution of tissue biochemical
component can be mapped by FLIm, providing critical information to assess the hetero-
geneous growth of large engineered construct. Recently, FLIm have been applied for
the characterization of engineered vascular construct,15 osteogenic grafts,16,17 and cartilage
construct.18,19

Optical coherence tomography (OCT), which is based on low-coherence interferometry, is an
imaging modality analogous to ultrasound imaging (US) but uses near-infrared radiation rather
than sound waves.20 OCT is well recognized as a viable tool for studying the structure and mor-
phology of biological tissue for diagnosis of diseases,21 such as atherosclerosis,22 epithelial
cancer,23 OA,24 and for surgical guidance.25 State-of-the-art OCT systems can image cartilage
tissue at the micron resolution (near-histological) and 1 to 2 mm in depth.24 Real-time 2D cross-
sectional or 3D volumetric scans are easily achievable. Compared with US, which has been used
to evaluate engineered tissue constructs,19,26,27 OCT offers better resolution, higher imaging
speed, and easy integration with other optical imaging modalities. Recently, OCT has been
explored as a promising tool for real-time monitoring of the development and growth of tissue-
engineered products.28

The monitoring of tissue engineered cartilage could benefit from the bimodal diagnostic
approach combining FLIm and OCT techniques. FLIm can investigate construct biochemical
composition but is limited to the thin layers (<0.5 mm) within the penetration depth of UV light.
However, little structure information of the tissue construct is retrieved. In contrast, OCT enables
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three-dimensional evaluation of tissue microstructure, morphology, and potential structural
defects, but lacks information on tissue biochemical composition. Thus FLIm and OCT can
complement each other and together provide a more comprehensive orthogonal noninvasive spa-
tial characterization and evaluation of cartilage constructs than either modality alone. Moreover,
the two modalities can be easily integrated using an optical fiber probe, enabling sterile, longi-
tudinal assessment of engineered tissue.29 The ability of FLIm-OCT to probe biochemical and
structural component of tissue spatially and nondestructively makes it a promising tool for
characterization of engineered cartilage tissue.

The overall objective of this study was to evaluate the ability of a bimodal system combing
FLIm and OCT for nondestructive, spatial, and longitudinal monitoring of changes in biochemi-
cal and structural properties of self-assembled cartilage construct in a preclinical implantation
model. Chondrogenesis has been extensively studied in murine models, in which self-assembled
cartilage constructs are implanted in dorsal subcutaneous pouches of immunocompromised
nude mice and this model is the first step in evaluating the chondrogenic potential of tissue-
engineered cartilage in vivo.30 A fiber-based multimodal FLIm-OCT system was used to realize
label-free monitoring of key biochemical and structural markers at three key time points (t ¼ 2,
4, and 8 weeks) during engineered tissue maturation without perturbing or compromising
sample sterility. Specifically, the goals of this study were to determine whether bimodal FLIm-
OCT can in situ assess (1) the heterogeneous construct growth in an in vitro self-assembled
construct culture model and (2) tissue maturation in an in vivo preclinical animal model.

2 Materials and Methods

2.1 Chondrocyte Isolation

Articular cartilage was harvested from the femoral condyles of five juvenile bovine stifle joints
(Research 87, Boston, Massachusetts, USA), minced, and digested in Dulbecco’s Modified
Eagle Medium (DMEM) with high glucose/GlutaMAX™-I (Life Technologies, Grand Island,
New York, USA) with 0.3% collagenase type II (Worthington, Lakewood, New Jersey, USA),
5% fetal bovine serum (HyClone, GE Healthcare Life Sciences, Marlborough, Massachusetts,
USA), and 1% penicillin/streptomycin/fungizone (P/S/F) (Lonza, Basel, Switzerland) for 18 h
on an orbital shaker at 37°C. Following digestion, the cells were collected, pooled, filtered
through 70-μm cell strainers, and washed three times with DMEM.

2.2 In Vitro Self-Assembled Construct Culture

Engineered cartilage constructs were formed using the self-assembling process, as described
previously31 [Fig. 1(a)]. Briefly, 4 × 106 chondrocytes were suspended in 100 μL of control
medium (CTL) consisting of DMEM with 1% ITS+ Premix (BD Biosciences, Bedford,
Massachusetts, USA), 1% nonessential amino acids (Life Technologies), 50 μg∕mL ascorbate-
2-phosphate (Sigma-Aldrich, St. Louis, Missouri, USA), 40 μg∕mL L-proline (Sigma-Aldrich),
100 μg∕mL sodium pyruvate (Sigma-Aldrich), 100 nM dexamethasone (Sigma-Aldrich), and
1% P/S/F. Cell suspensions were seeded in 5 mm diameter, 2% agarose wells in 24-well plates
(Costar, Corning, New York, USA). After 4 h, 400 μL of control medium were added to each well.
Self-assembled constructs were cultured for 4 weeks in (1) CTLmedium only (CTL) (five samples)
or (2) with recombinant human LAP transforming growth factor beta (TGF-β1) (LAP) (five sam-
ples) (R&D Systems, Minneapolis, Minnesota)32 applied at 10 ng∕mL for the entire culture dura-
tion. Constructs were removed from wells at day 5, and 1 mL of fresh media was exchanged daily.

2.3 In Vivo Self-Assembled Construct Culture

Following 4 weeks of in vitro culture, constructs were implanted subcutaneously into the dorsal
section of 5 nude mice [Fig. 1(b)], in which the left side was the LAP group, and the right side
was the CTL group. After 4 weeks of in vivo culture, the mice were sacrificed, and all surviving
samples were harvested and processed for analysis [Fig. 1(c)].
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2.4 Multimodal Assessment of Self-Assembled Articular Cartilage

A multimode imaging system that combines two complementary techniques of FLIm and OCT
was utilized to make nondestructive assessment of the engineered cartilage construct at 2 weeks
and 4 weeks of in vitro culture (n ¼ 5 per group) and 4 weeks of in vivo maturation (n ¼ 4 per
group) [Fig. 1(d)]. Samples were imaged using FLIm (resolution of 100 μm) followed immedi-
ately by OCT in a sterile environment inside a biosafety cabinet. Matched samples were assessed
nondestructively (FLIm–OCT) at all time point and histological analysis was performed at
4 weeks in vivo.

2.5 Multispectral FLIm Instrument

The multispectral FLIm subsystem has been reported in detail in previous publications.33 Briefly,
a Q-switched pulsed 355-nm microchip laser (STV-02E-1x0, TEEM photonics, Grenoble,
France) with 2-μJ pulse energy and 600-ps pulse duration was used to excite sample auto-
fluorescence through a flexible fiber-optic probe consist of 400 μm core diameter pure silica
multimode fiber (FVP400440480, Polymicro Optical Fiber, Molex, Illinois, USA). Sterile im-
aging was achieved by raster scanning the fiber probe across the surface of sample using a three-
axis translation stage (LP28, Parker, Cleveland, Ohio, USA) housed inside a biosafety cabinet.
During scanning, each sample was placed inside a sterile 35 mm glass bottom dish (MatTech
Corporation, Ashland, Massachusetts, USA) in phosphate buffered saline at room temperature.
Sample autofluorescence emission was separated into four distinct spectral channels (CH1 ¼
375 to 410 nm, CH2 ¼ 450 to 485 nm, CH3 ¼ 532 to 565 nm, and CH4 ¼ 595 to 660 nm)
using a custom-built wavelength selection module, time-multiplexed using optical fibers of
different lengths, detected by a single microchannel plate photomultiplier tube and digitized
by a high-speed digitizer (PXIe-5185, National Instrument, Austin, Texas, USA) with a time

Fig. 1 (a) Schematic overview of the experiment design. Self-assembled constructs were treated
with different growth factor and cultured in vitro for 4 weeks, followed by in vivo maturation of
another 4 weeks. Multimodal FLIm-OCT imaging was carried out at t ¼ 2 weeks and 4 weeks
(0 week in vivo) during in vitro culture and at t ¼ 4 weeks for in vivo culture. Red dots indicate
imaging time points. (b) Tissue construct following implantation on the back of nude rat.
(c) Engineered tissue after 4 weeks of in vivo culture following sacrifice of the animal.
(d) Picture of the scanning setup inside biosafety cabinet.
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resolution of 80 ps. Complete mapping of sample surface was achieved under 1 min at a
resolution of 100 μm resolution.

2.6 FLIm Parameters

Following the acquisition of the fluorescence decay signal, nonnegative constrained least-square
deconvolution based on Laguerre expansion method was used to recover the fluorescence
response of the tissue sample.34 The average lifetime and intensity ratio were derived from the
deconvolved fluorescence decay. The average lifetime was defined as the average amount of time
a fluorophore stayed in the excited state. Mathematically, it is the expected value of the prob-
ability distribution of detected photons, which was obtained by normalizing the deconvolved
decay by the total area under the curve. Intensity ratios were defined as the ratio of fluorescence
intensity at each channel to the sum of all four intensity channels.

2.7 OCT Instrument

The OCT subsystem was a swept source OCT developed based on an OEM OCT engine from
Axsun Technology.35 Briefly, it includes a 1310� 55 nm swept-source laser with 50 mWoutput
power and a native A scan rate of 50 kHz. The OCT interferometry is realized with fiber couplers
and circulators that split the laser output into sample and reference arm and recombine the
reflected light from both arms. A single-mode fiber (SMF-28 Ultra) is used in the reference
arm to match the optical path length introduced by optical fiber probe consist of the same sin-
gle-mode fiber with a graded-index lens (1.8-mm diameter, 11-mm long, 0.25 pitch, and 0.2 NA)
attached at distal end. The interference signal is detected by the on-board dual-balanced detectors
and sampled by the 12 bit, 500 MS∕s FPGA DAQ board in the OCT engine. Depth-resolved
OCT B-scans are generated in real time by the onboard FPGA processor and streamed to the
experimental control computer for visualization. The OCT system has an axial resolution of
10.2 μm and a transverse resolution of 16.3 μm in the focal plane.

2.8 Multivariate Analysis of FLIm Parameters

Pixel-wise Pearson correlation coefficient between all fluorescence lifetime images (channels 1
to 4) and intensity ratio images (channels 1 to 4) was analyzed using MATLAB (MathWorks,
Natick, Massachusetts, USA). Image data were filtered by a threshold signal-to-noise ratio
(SNR) value of 25 in channel 3 (channel with the lowest signal intensity) to remove data points
with low SNR. The same filter was applied to data from all channels to ensure that the dimension
data are identical. The correlation coefficient was average across all images irrespective of
treatment or imaging time point. Correlation matrix is visualized using R statistical software
(Foundation for Statistical Computing, Vienna) and p < 0.05 were considered statistically
significant.

2.9 Biochemical Homogeneous Index

Statistical homogeneity theory36 was used to determine tissue homogeneity using FLIm lifetime
data of channel. FLIm channel 1 lifetime was chosen based on the result of multivariant analysis
of FLIm parameters. To compute the homogeneity index, a ring-shaped region of interest cen-
tered on the centroid of the tissue image was first selected so that the area of the ROI was half of
the total area of the sample. The mean fluorescence lifetime of the ROI was computed. The
percentage of the FLIm pixels inside the ROI that falls between (1� 0.05) × mean lifetime was
defined as the homogeneity index. If all the pixels inside the ROI fall within (1� 0.05) × mean
lifetime, the homogeneity index would be 1.

2.10 Histology

All samples were harvested following FLIm-OCT assessment at 4 weeks in vivo and fixed
in 10% neutral buffered formalin, paraffin embedded, sectioned at 10 μm, and stained with
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hematoxylin and eosin (H&E) for general morphology. The sections were imaged using an
inverted microscope (BZ-X700, Keyence).

3 Results

3.1 FLIm Detects Heterogeneous Construct Growth

Nondestructive FLIm assessment of engineered tissue construct during in vitro culture revealed
heterogeneous tissue growth in all constructs at t ¼ 2 weeks and t ¼ 4 weeks for both treatment
groups. Representative FLIm images of tissue construct at t ¼ 4 weeks are shown in Fig. 2. The
outer edge of the tissue construct exhibited longer lifetime (Ch1: 3.1171� 0.2371 ns;
Ch2: ∼3.3606� 0.2593 ns) and intensity ratio than the center of the construct (Ch1: 2.8861�
0.1290 ns; Ch2: 3.1878� 0.0970 ns) in both channels 1 and 2. Relative homogeneous lifetime
was observed in channel 3 (2.7060� 0.1162 ns) and 4 (2.8977� 0.1201 ns) with lower inten-
sity ratio on the outer edge of the tissue construct. A defect (void) was observed in the center of
the tissue construct.

3.2 Multivariant Analysis of FLIm Data

Average correlation matrix of all FLIm maps, irrespective of treatments or time points, are visu-
alized in Fig. 3(a). The standard deviation of the correlation matrix is visualized in Fig. 3(b). All
fluorescence lifetimes (LT1, LT2, LT3, and LT4) were correlated with each other. Among them,
the highest correlation coefficient (0.8) existed between channel 1 lifetime (LT1) and channel 2
lifetime (LT2) with the lowest standard deviation of 0.08. Among intensity ratios, strongest cor-
relation (0.8) was observed between channel 3 intensity ratio (INTR3) and channel 4 intensity
ratio (INTR4) with the lowest standard deviation of 0.1. Channel 1 intensity ratio (INTR1) was
inversely correlated with the intensity ratio of channel 3 (INTR3) and channel 4 (INTR4) with
identical coefficient but positively with channel 1 lifetime (LT1) and channel 2 lifetime (LT2).

Fig. 2 Representative FLIm maps of engineered tissue sample from LAP group at t ¼ 4 weeks
during in vitro culture. Heterogenous growth of tissue construct was observed. The outer edge of
the tissue sample exhibited longer lifetime and higher intensity ratio in FLIm channels (a) 1 and
(b) 2. Relative constant lifetime values were observed across the whole construct in channels (c) 3
and (d) 4, with lower intensity ratio at the outer edge. Scale bar ¼ 1 mm.
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Between lifetime and intensity ratios, channel 3 and channel 4 lifetimes had a weak or no cor-
relation between all intensity ratios. Channel 1 intensity ratio (INTR1) was strongly correlated to
channel 1 lifetime (LT1) and channel 2 lifetime (LT2).

3.3 Longitudinal FLIm Assessment of Construct Maturation

Longitudinal FLIm assessment detected changes of tissue construct homogeneity index during
in vitro culture. FLIm images of sample 2 from CTL group at t ¼ 2 weeks and t ¼ 4 weeks of
in vitro culture are shown in Figs. 4(a) and 4(d), respectively. The ROIs used for homogeneity
index calculation are shown in Figs. 4(b) and 4(e). The histogram of the fluorescence lifetime
inside the ROI is plotted in Figs. 4(c) and 4(d), respectively. The homogeneity index of the tissue
sample was higher for t ¼ 4 weeks as more (82%) of the pixels in the ROI fell between�10% of
the mean lifetime of ROI, compared to that of week 2 (62%). A bar plot of the homogeneity
index (HI) at t ¼ 2 weeks and t ¼ 4 weeks for CTL and LAP group is shown in Fig. 5.
Significant increase of HI was observed between week 2 and week 4 for both CTL and
LAP group. No significant difference was observed between groups at either time point.

3.4 OCT Detected Structural Defect in Tissue Construct

OCT assessment of the tissue construct during in vitro culture discovered defects (voids) at the
center of tissue construct at both t ¼ 2 weeks and t ¼ 4 weeks, in agreement with FLIm assess-
ment. A representative 3D volume rendering of the tissue construct (same sample as Fig. 2) is
visualized in Fig. 6(a). A B-scan image from the center of the construct is shown in Fig. 6(b), and
the location of the B-scan is indicated by red line in the enface projection of the OCT 3D volume
data shown in Fig. 6(c). Tissue morphology measured by OCT matched well with that from
fluorescence lifetime [Fig. 6(d)] and intensity [Fig. 6(e)] map.

3.5 Visualization of Construct in Vivo by FLIm-OCT

Representative in situ FLIm and OCT images of tissue construct at t ¼ 4 weeks of in vivo culture
are shown in Fig. 7. The tissue construct retained its hyaline color as shown in the white light

Fig. 3 Correlogram of FLIm lifetimes and intensity ratios of channels 1 to 4. (a) The value of the
correlation coefficients between variables pairs displayed and visualized in color. Red indicates
negative correlation while blue indicates positive correlation. The size of the circle reflects the
absolute value of the correlation coefficient. (b) The values of the correlation coefficient standard
deviation displayed and visualized in color. The size of the square indicates the absolute value of
the standard deviation. LT, lifetime; INTR, intensity ratio. Coefficient between lifetimes and inten-
sity ratios are highlighted by the black square.
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image [Fig. 7(a)], whereas the size of the construct was reduced compared to t ¼ 4weeks in vitro
(Fig. 2). Tissue construct was visible in OCT B-scan image with distinct morphology from
the muscle tissue of the mouse, which had a layered structure and smooth surface. The tissue
construct exhibited lower lifetime (4.36� 0.22 ns) in channel 1 compared to the surrounding

*
*

Fig. 5 Homogeneity index (HI) of tissue construct. Significant increase (p < 0.05) of HI was
observed between week 2 and week 4 for both CTL and LAP group. No significant difference
was observed between groups at either time points. *p < 0.05.

Fig. 4 Longitudinal FLIm assessment detected tissue construct maturation. (a),
(d) Representative channel 1 FLIm images of CTL group at (a) week 2 and (d) week 4. Circle
at the center of the sample had an area that was half the area of the total sample. (b),
(e) Regions of interest used for calculation of homogeneous index. Fluorescence waveforms aver-
aged over the region highlighted by the black square were plotted. (c), (f) Histograms of channel 1
lifetime within the region of interest at (c) week 2 and (f) week 4. Scale bar ¼ 1 mm.
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native tissue (∼5 to 6 ns). The opposite was observed for channel 3 with tissue construct
exhibited longer lifetime (2.58� 0.24 ns) compared to the native tissue (∼1 to 2.5 ns).

3.6 OCT Detects Cyst Formation in Tissue Constructs

Comparison of in situ OCT B scan image with histology (H&E) showed the formation of a cyst
inside a CTL tissue construct that can be visualized by OCT. The cyst can be seen in the OCT
B-scan image as a hypoechoic region with low intensity [Fig. 8(a)]. Histology (H&E) of the
same tissue construct, as shown in Fig. 8(b), confirmed the presence of the cyst. For comparison,
the OCT B-scan image and histology from an LAP tissue construct without the presence of cysts
are shown in Figs. 7(c) and 7(d).

White light OCT B scan

Channel 1 Channel 3

(a)

(c) (d)

(b)

Fig. 7 In situ FLIm and OCT image of cartilage construct on the back of nude mouse at t ¼ 4
weeks of in vivo culture. (a) White light image of the construct. Black arrow indicates scanning
fast axis direction; (b) OCT B-scan image from the center of the construct; (c) FLIm channel 1
intensity weighted lifetime map. Construct ROI highlighted in red; and (d) FLIm channel 3 intensity
weighted lifetime map. Construct ROI highlighted in red. Scale bar ¼ 1 mm.
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Fig. 6 Nondestructive OCT assessment detected defect (void) in tissue construct. Matched
sample with Fig. 2: (a) 3D volume rendering of tissue construct; (b) OCT B-scan from the center
of the tissue construct, location indicated by red line in OCT projection; (c) enface projection of the
3D volumetric OCT data; (d) channel 1 fluorescence lifetime map of the sample; and (e) channel 1
fluorescence intensity map of the tissue sample. Scale bar ¼ 1 mm.
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4 Discussion

This study is the first attempt, to the best of our knowledge, to monitor the maturation of engi-
neered cartilage using multimodal FLIm-OCT during both in vitro culture and in vivo preclinical
subcutaneous animal model. The results of this study demonstrated the applicability of a non-
destructive imaging system, combining FLIm and OCT, for spatial and temporal monitoring of
the biochemical and structural characteristics of the tissue engineered cartilage. This multimodal
imaging system holds great potential as a quality control method to provide full characterization
of tissue engineered neocartilage before its release for clinical use, thus reducing the expense of
biomanufacturing significantly and facilitating the translation of engineered cartilage product
into clinical use.

The self-assembling process is an approach that allows engineering of articular cartilage con-
structs without the use of exogenous scaffolds.31 Successful growth of self-assembled cartilage
was associated by significant increase in construct collagen and GAGs content, thereby provid-
ing a target for optical detection. TGF-β has become one of the most used mediators for cartilage
tissue engineering37–39 due to its ability to promote chondrogenesis and strongly improve the
synthesis of an array of cartilaginous structural matrix proteins, including proteoglycans and
collagen (type-II).40–43 TGF-β is often exogenously supplemented in culture media in its active

(a)

H&E staining

H&E staining

1000 µm

(a)

H&E staining

H&E staining

1000 µm

1000 µm

(b)

(c)

(d)

Fig. 8 OCT image versus histology: (a) OCT B-scan images of a CTL tissue construct with a cyst
(red arrow, hypoechoic region) forming in its center; (b) histology (H&E) of the tissue construct
in (a) confirming the existence of cyst; (c) OCT B-scan image of a LAP tissue construct without
cyst; and (d) histology (H&E) of the tissue construct shown in (c). Scale bar ¼ 1 mm.
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form under the assumption that it will diffuse into constructs uniformly and improve the bio-
synthesis throughout the tissue. However, recent studies have shown that at the later stages of
tissue development, due to the presence of nonspecific binding sites in the ECM of articular
cartilage, active TGF-β accumulates exclusively in the construct periphery leading to highly
heterogeneous construct growth.32 In this study, the heterogeneous tissue growth due to non-
uniform distribution of TGF-β was observed in vitro in both groups at both imaging time points.
The outer edge of the tissue construct exhibited high fluorescence lifetime and intensity ratio in
channel 1 (375 to 410 nm) and channel 2 (450 to 485 nm) as shown in Fig. 2, indicating dep-
osition of collagen content as a result of construct growth. The fluorescence lifetimes in channel
3 (CH3 ¼ 532 to 565 nm) were relatively homogenous, which is not surprising as channel 3 is
outside the collagen emission spectrum and mostly sensitive to fluorescence signals from cells.
This result demonstrated the potential of FLIm as a tool for nondestructive monitoring of
construct homogeneity during culture, which is critical for creating clinically relevant-sized
constructs for joint repair.

Pixel-wise multivariant analysis of the FLIm data revealed strong correlation between fluo-
rescence lifetime from all channels as shown in Fig. 3, with the strongest correlation between
channels 1 and 2 lifetimes. This is expected as the major biological fluorophores in cartilage
tissue construct, namely collagens, GAGs, and chondrocytes all have broad emission spectrum.
Collagen has a high quantum yield and fluoresces predominantly in channels 1 and 2. GAGs
fluoresce mostly in channel 3 with very low quantum yield, whereas cell fluorescence is present
in channels 1 to 3.15 The high correlation between channels 1 and 2 can be explained by the high
quantum yield of collagen, which will cause collagen fluorescence to dominate the signal col-
lected in channel 1 and 2 giving rise to high correlation coefficient. The relative homogenous
distribution of channel 3 lifetime and the lack of correlation between channel 3 lifetime with
intensity ratios indicated that fluorescence from a single fluorophore was detected in channel 3.
For engineered cartilage, this fluorophore is likely FAD inside chondrocytes. FAD has a broad
emission from 500 to 600 nm matching the collection spectrum of channel 3.44 In addition,
channel 3 fluorescence lifetime value of 2.70 ns agrees with the lifetime of FAD reported in
the literature. Channel 4 lifetime exhibited similar trends as channel 3 but the origin of channel
4 fluorescence signal is currently unclear to us and needs further investigation. Based on this
result, we identified the parameters that are most useful for identifying the change of construct
biochemical components: FLIm channel 1 parameters can provide information about collagen
content in construct ECM, whereas FLIm channel 3 parameters can be used to infer metabolic
states of chondrocytes in the tissue constructs. On the other hand, we do acknowledge that FLIm
is an imaging modality with limited penetration depth (∼300 μm), which will provide biochemi-
cal information limited to tissue construct periphery. In this study, FLIm is well suited to char-
acterize the growth of engineered tissue constructs as the constructs are relatively thin and
transparent. For other applications, the limited penetration depth of FLIm must be taken into
consideration when interpreting imaging data.

The development of a biochemical homogeneity index based on en face FLIm parameters
provided a single value to compare sample biochemical homogeneity among groups and across
timepoints. The biochemical homogeneity index provides a method for quantifying the heter-
ogenous growth of the construct, currently missing in destructive testing methods. Significant
increase of the homogeneity index was observed between t ¼ 2 weeks and t ¼ 4 weeks, indi-
cating tissue maturation. A ring-shaped ROI was chosen for this study to account for the circular
symmetry of tissue sample but to exclude the defect (void) at the center of the construct. The size
of the ROI was set to half of the total area of the sample to make sure the analysis was objective
and consistent across all samples. The defect at the center of the construct is a structural feature
and can be quantified more accurately using 3D OCT volume data therefore, OCTwas excluded
from the biochemical homogeneity index calculation. We acknowledge that our current defini-
tion of biochemical homogeneity index is sensitive to experimental noise (a completely homog-
enous sample with low fluorescent yield might show a homogeneity index <1 due to the
significant variation in the lifetime at each pixel caused by noise); however, this can be mini-
mized by filtering the FLIm data using SNR such that pixels with high noise are excluded from
the analysis. In addition, a more robust biochemical homogeneity index can be developed to
account for the experimental noise but is out of the scope of this paper.
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A structural homogeneity index based on OCT data such as void volume, total sample vol-
ume, sample thickness or a combination of above parameters could provide a useful adjunct to
the FLIm data to provide a more comprehensive evaluation of engineered tissue maturation.
Such an analysis is not reported in this study due to unforeseen challenges caused by imaging
artifact presented in the OCT data. In this study, in order to maintain the sterile tissue culture
environment, tissue-engineered cartilage samples were imaged inside their culturing media, the
surface of which reflects OCT light strongly and results in significant imaging artifacts in some
of the OCT images making robust quantitative analysis of OCT data very challenging. This
challenge can be easily mitigated by submerging the imaging probe inside the culturing media
for future studies or applications.

Defects (voids) with varying size, which were not identifiable by naked eye due to the trans-
parent color of cartilage construct, were detected by FLIm and OCT independently in all tissue
construct in vitro, as shown in Figs. 2 and 6, respectively. The morphology of the tissue construct
visualized by FLIm and OCTwas very similar, as shown in Figs. 6(c)–6(e). However, the spatial
distribution of collagen in ECM shown in FLIm channel 1 was not visible in OCT data. This
result demonstrates that the complementary nature of FLIm and OCT techniques and the com-
bination of both can yield a rapid and more complete characterization of tissue construct. The
reason for the defect is unknown at this moment; more studies are needed to identify the reason
for its formation.

FLIm-OCT assessment of the tissue construct in the preclinical animal model demonstrates
that FLIm-OCT can be used to visualize the morphology and structure of the tissue construct
in situ as shown in Fig. 7. The formation of a cyst in tissue construct was detected by OCT and
confirmed with histology (Fig. 8). The size different of the tissue construct between OCT and
histology can be contributed to the error in histology sectioning and tissue shrinking during
histology processing. The advantage of in situ OCT imaging is that it can provide real-time
cross-section image with resolution close to histology at any location nondestructively at multi-
ple time points. Histology analysis only allows the visualization of the tissue structure at discrete
point and precludes the possibility to evaluate the entire clinical sample prior to implantation due
to its destructive nature. Only 5 out of 10 implanted samples (2 from CTL, 3 from LAP) survived
the in vivo culture, the remaining were degraded by the mechanical forces present in vivo. As a
result of the small sample size, quantitative analysis could not be performed on the in vivo im-
aging data.

Compared to ultrasound (US), which has been used previously for characterization of engi-
neered tissue constructs,19 OCT provides higher resolution image with faster speed at the
expense of penetration depth. For engineered cartilage, which is small in size and highly trans-
parent, OCT is preferable compared to US. In this study, OCT is able to image the full depth of
the constructs at every stage of maturation. But we acknowledge that for larger tissue samples,
US could be a better modality than OCT due to its higher penetration depth at the expense of
resolution. In addition, FLIm and OCTare both optical modalities, making the optical integration
easy. A double clad fiber probe with diameter <400 μm can be easily utilized to deliver the
355 nm excitation of FLIm and 1310 nm lighter of OCT to tissue sample as demonstrated
previously.35

5 Conclusion

This study demonstrates that multimodal FLIm-OCT technique can be used to nondestructively
monitor the heterogenous growth of engineered tissue construct during its maturation prior to
implantation. The combination of FLIm and OCT offers a method for spatial and temporal mon-
itoring of the maturation of engineered tissue construct by probing in situ its chemical compo-
sition and structural properties. It is also flexible and can be easily extended to environment such
as bioreactors or incubators. This approach has a profound benefit in clinical research and large-
scale manufacturing of tissue engineered medical product where conventional quality control
methods are destructive, sacrificing a large amount of tissue construct and incurring a large addi-
tional cost. Imaging parameters can be used to identify the optical/best sample to implant that
will lead to best clinical outcome as well as tracking tissue maturation after implantation.
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Successful adoption of this method would accelerate the clinical translation of tissue engineered
medical product from benchtop to bedside.
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